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ABSTRACT 
Microcarrier technology has developed greatly over the past three decades. There 
are several different types of microcarriers, all of which have strengths and weaknesses. 
One area that has not been explored is biodegradable microcarriers. Biodegradable 
microcarriers involve less amounts of chemical reactants to remove them from solution 
once their work is complete, making them less expensive and ideal for in vivo use. This 
project designed a biodegradable microcarrier, and will continue to modify the design in 
the spring semester to make it safe for the human body. Pectin was used as the natural 
polymer base, and it was modified with glycidyl methacrylate. Once the pectin was 
modified, it was crosslinked into beads. While the initial bead yields were minimal, it is 
believed that small changes to the mechanical system will render better results. Once 
these obstacles are overcome, the project will continue with surface modification of the 
beads and toxicity tests to determine if it is safe for in vivo usage. 
INTRODUCTION 
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Over the past several years there has been an explosion of research on biomimetic 
materials, specifically materials that mimic the property of human skin and bone. 
Materials have been created, for example, that can be used for artificial bone grafts. This 
reduces or even eliminates the need for natural bone to be harvested from other areas of 
the body. The Medical College of Wisconsin's Orthopaedic Research and Engineering 
Center COREC) have been on the leading edge of this technology researching materials 
such as calcium phosphates, polylactic acid, and tantalum as possible bone tissue 
substitutes I. These materials have proven suitable for introduction into the body in such 
areas as spinal fusion surgery and dental implant surgery!. 
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There have also been promising developments in the area of artificial skin. The 
need for artificial skin is felt most deeply in the area of bum victims. The standard 
treatment for a bum victim is to harvest skin from elsewhere on the patient's body to 
replace the skin that was burned. However, the skin harvested is usually smaller than the 
affected area, and is cut in many different places in order to stretch it over the bum. 
Every cut made on the harvested skin leads to scarring. M.L T. Professer Ioannis V. 
Yannas recently obtained FDA approval for an artificial skin substitute composed of 
animal collagen chemically bonded to glycosaminoglycan (GAG) molecules2• The 
collagen acts as the structural base for the skin and the GAG chains serve as an 
extracellular matrix. Professor Yannas explains that this collagen-GAG combination 
"makes a simple chemical analog of the matrices in our own tissues." 
These biomimetic technologies will always face one critical drawback. Anytime 
a foreign material is introduced into the body, there is always a chance for rejection. The 
human body's immune system is extremely efficient in distinguishing between self and 
non-self. The immune system also possesses elaborate mechanisms for attacking foreign 
objects. The consequences of rejection of artifical human tissue can be life threatening 
and often have to be dealt with for the remainder the patient's life via costly revision 
surgery and medications. 
It has become clear to the biomedical community that the best possible material to 
replace lost human tissue is actual human tissue. Human tissue is so elegantly complex 
that it has proven very difficult to engineer. Cells have very specific properties and 
require an intricate scaffold on which to grow (see background). Also, cells require 
closely controlled conditions such as temperature, pH, solute concentration, nutrients 
available, etc. in order to be viable. 
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One promising area in tissue engineering scaffolds is microcarriers. Microcarriers 
are small beads produced on the micro-scale that facilitate cell attachment and growth. 
They are placed in a bioreactor which is used to mimic the environment of the human 
body and cells are cultured onto the microcarriers. This technology has several potential 
applications including pharmaceutical production, diseased tissue study models, and most 
importantly, a reliable way to produced actual human tissue. 
The task is to design a controlled-geometry, biodegradable, microcarrier that is 
made from naturally occurring polymers. Controlling the geometry of micro carriers has 
not been deeply explored before (microcarriers are traditionally spherical). A 
biodegradable microcarrier has advantages including eliminating the time consuming 
process of precipitating and removing the microcarrier once the tissue model is complete. 
Finally, by using a naturally occurring polymer, this microcarrier will be environmentally 
friendly as well as cost effective. 
GENERAL BACKGROUND 
The earliest method of producing cells was placing them in suspension. This 
involves creating a medium with the required characteristics to obtain the desired cells. 
While this is reliable and consistent, low yields result because most cells in use today are 
anchorage dependent, meaning they need to attach to a compatible surface in order to 
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proliferate.3 Much research was generated to determine ideal surface properties to 
optimize cell attachment and growth for new culture materials. Materials began receiving 
coatings that had specific charges, charge density, and micro-topography to attain better 
cell growth. Roller flasks (shown in figure 1) and other types of products began 
emerging, and by way of gentle agitation and surface modification of the container, large 
amounts of cells began being produced. The roller flasks did have drawbacks though. 
While they worked well, to get a mass quantity of a cell, thousands of roller flasks had to 
be used. The handling and upkeep of this many roller flasks was difficult, so a much 
simpler way of mass producing cells was needed to eliminate the costs and troubles of 
roller flasks. 
The remedy to this problem is the microcarrier. The first microcarrier was 
developed in 1967 by van Wezel, and shortly thereafter in 1972 he manufactured the first 
industrial scale product using microcarriers: the inactivated polio vaccine.3 The initial 
basis of the beads was cross-linked dextran, however, as the technology developed, many 
other materials were incorporated into the microcarrier beads, such as polystyrene, glass, 
cellulose, and gelatin.3 The development of microcarriers from other materials brought 
many different options for culture conditions, like surface chemistry, surface roughness, 
and variable surface charge density. These conventional microcarriers have a diameter 
averaging around 200-250 I1n1, and they have a specific density slightly higher than that 
of water. 
On the market today there are two types of 
microcarriers: microporous and macroporous. The microporous 
micro carriers (Figure 2) allow cell-to-cell communication 
through the microcarrier; whereas macroporous microcarriers 
allow cells to actually enter the micro carrier. 4 Inside the Figure 2 
microcarrier a cell can experience an environment different than the medium. This 
migration of cells into the microcarriers allow for higher cell densities, thus protecting it 
from some harmful effects in the medium like cell shear. The macroporous carriers also 
can immobilize non-anchorage dependent types of cells by entrapping them once they 
enter the medium.5 
While microcarriers have provided a new and 
improved way of culturing cells, there are some drawbacks. 
Microcarrier shape has been limited to a spherical geometry 
due to the method of synthesis, and this geometry is very 
inefficient (Figure 3). Maximizing surface area to volume 
ratio in microcarriers will generate the highest yields, and the 
spherical geometry has a very low ratio when compared to 
Figure 3 
other shapes. The spheres do work for cell cultures, but other microcarrier shapes would 
have much better results. Cells will attach to the curved surface of a sphere, but a flat 
surface is optimal for cell attachment. 
Taking these factors into consideration, a new type of micro carrier bead is 
proposed as a solution to these problems: a polymer-based bead with a controlled 
geometry. The new proposed geometry is a cube with rounded edges. This shape 
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provides flat surfaces for more favorable cell attachment, and the shape also increases the 
surface area to volume ratio. The rounded edges are beneficial because they inhibit cell 
lysis stemming from sharp edges in the culture. So this new shape basically provides 
more space for the cell to attach while giving the cells better conditions for attachment. 
This would significantly increase the amount of harvested cells while decreasing the 
amount of microcarriers needed to be used, thus saving companies money and giving 
them more resources to explore other areas of microcarrier uses. Another added bonus to 
these beads is that their polymer base provides more flexible chemistry than previously 
offered by other beads. Conventional beads do have the ability of being modified to 
provide better attachment parameters, but that ability is limited because of the narrow 
range of materials used. Incorporating larger amounts of polymers into bead design gives 
more specific control to surface characteristics. 
A further design specification is that the beads are to be biodegradable. 
Conventional microcarriers are separated out of solution once the new cells are harvested, 
meaning the new cells are subjected to more stress from extra chemicals and handling 
during the harvesting process. Biodegradable beads eliminate all of the extra removal 
steps after the beads are placed in the medium. Biodegradable beads also open up the 
possibility of using them in vivo to grow new skin cells or organs without having to 
chemically separate them out of the body. 
LITERATURE SURVEY 
A literature survey provided several insights into developing this microcarrier. 
One of the best resources is the GE Microcarrier Cell Culture manual. It provides 
information dealing with the mechanisms of cell attachment, different proteins' effects on 
culture conditions, and a myriad of applications. This was a useful reference for the 
project and was continually referred to during the design process. 
Realizing that a biodegradable polymer required natural nlononler composition, 
several books were found dealing with the advantages and disadvantages of natural 
polymers, and these were used in the selection of materials process. Smaller, more 
individualized articles were found that dealt with the single types of natural polymers 
considered for the design. Seeing how the monomers were used in other applications 
allowed further search into how they could be best utilized in the proj ect. 
Once the design is confirmed, then surface modification of the polymer is 
required to produce favorable conditions for cell attachment. The GE Microcarrier 
manual revealed that RGD attachment is one of the best ways to achieve cell attachment, 
so several articles were found dealing with RGD attachment to surfaces, and these 
principles will be more applicable once beads are made. 
9 
Making the beads requires the use of photopolymerization, so this phenomenon 
was explored in the literature survey to gain a further understanding of the 
polymerization process. Crosslinking, one vital part of photo polymerization, was also 
researched in order to get a better understanding as to how the whole process of making a 
polymer takes place. 
PATENT SEARCH 
A patent search revealed several glass-surface microcarriers, all of which were 
suited for anchorage-dependent cell cultures. The patent search also had many results 
dealing with methods and ways of cell culture using microcarriers, but not very many 
explicit microcarriers. There were also several methods describing large-scale production 
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of viruses and cell lines using microcarriers, however the micro carriers used were not 
listed. Also listed were several roller bottles systems that utilize microcarriers for cell 
cultures. 
While not found in the patent search on the United States Patent Office website, 
the GE manual on microcarriers provided information on GE's current lines of 
microcarriers available. GE offers 3 types of microcarriers: Cytodex, Cytopore, and 
Cytoline. The Cytodex line offers Cytodex 1 & Cytodex 3, which are microporous and 
can be used in roller bottles or wave bioreactors. Cytodex 1 is a cross-linked dextran 
matrix with positively charged groups found on the entire microcarrier matrix. Cytodex 3 
has denatured collagen bound on the dextran. Almost any type of animal cell can be 
cultured on the Cytodex line. The Cytopore line is microporous, and it is designed for 
stirred tank reactors. Cross-linked cellulose makes up the Cytopore line, and these are 
made for producing recombinant products and monoclonal antibodies. Cytoline is 
macroporous and made from high-density polyethylene weighted with silica. These are 
also used for recombinant protein and antibody production; however they are used in 
fluidized bed perfusion cultures. 5 
DESIGN SUMMARY/ALTERNATIVES 
Choosing the Base Polymer 
As stated previously, the microcarrier needs a natural polymer base for 
biodegradation purposes. Six natural polymers were investigated for use as microcarrier 
base: Amylose, Chitin, Chitosan, Amylopectin, Pectin, and Alginates. There are several 
requirements that the natural polymer must meet such that it can be used in the 
microcarrier. It must be able to be hydrolytic ally degraded. This is crucial because that is 
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the primary means of degradation in the body. While most can be enzymatically 
degraded, the polymers will not be subjected to these enzymes in vivo. The polymer must 
also degrade into products that are not harmful to the human body. If the degradation 
products are toxic, then it will not be safe. The natural polymers will generally yield 
degradation products of small polysaccharides. 
Amylose is one of the constituents of starch. Approximately 20-30% of starch is 
amylose, the rest being amylopectin. Amylose is characterized by a single, unbranched 
chain of 1-4 alpha linkages that winds up into a stiff, left-handed helix. Amylose does 
degrade by hydrolysis into maltose and glucose, both of which are found in the body.6 
Despite these favorable characteristics, trying to isolate it from starch is difficult, and 
once amylose is isolated, storage is very difficult. Amylopectin, the remaining 70-800/0 of 
starch, consists of glucose monomer units that are also alpha 1-4 linkages. It also has 
large degree of branching off of the main chain. 6 The degradation products are favorable, 
however, like with the amylose, it is hard to isolate. Starch is readily available, but 
separating it into its individual components is extremely difficult. 6 
Chitin is a cellulose derivative and is very abundant. Chitin also has a glucose 
monomer base, but it is held together by beta 1-4 carbon linkages, which promotes 
increased hydrogen bonding on the chain. 6 This higher level of bonding makes chitin 
very strong and not degradable by hydrolysis. While it is very biocompatible, chitin can 
be converted in chitosan, which is easier to work with. Chitosan is the deacetylated form 
of chitin. It has a very high affinity for albumin because it has a slight positive charge, 
making it well-suited for in vivo use. 6 
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Alginates are derived from algae, where they make up the walls of cells. 
Alginates are very compatible with the body, and they are widely used in the medical 
field. They are highly absorbent and lightweight, making them ideal for wound dressings. 
Alginates are not very ideal for microcarrier purposes because they dry out fairly easily, 
making them tough to handle. 6 
Pectin, a polysaccharide found in many fruits, such as apples, plums, and oranges, 
was chosen to be the base polymer for the microcarriers. Commercially it is used to make 
jams and jellies because it readily forms gels, but pectin 
also has desirable qualities for laboratory use. It 
hydrolytically degrades into small oligosaccharides and 
glucose, both of which are nontoxic and found throughout 
the body. 6 Its monomer is D-galacturonic acid, which is 
Figure 4 shown in Figure 4. 6 Pectin is easily extracted from 
solution, and it does not tend to crystallize. 6 Large amounts of branching off of the main 
chain make it very easy to modify. Simply put, pectin is the easiest to work with; 
therefore it was selected as the base polymer for the design. 
Modifying the Pectin 
Further investigation about pectin revealed that there are two different forms of 
pectin: pectic and pectinic acid. Pectic acid is a form of pectin with very low levels of 
methyl ester branches off of the main chain, whereas pectinic acid is a form of pectin 
with moderate to high levels ofnlethyl esterification. 6 As mentioned earlier, pectin easily 
forms gels, and the pectic acids form gels as neutral pH levels. Pectinic acid forms gels at 
acidic pH levels (1-3 range), so it was decided to use pectinic acid because it will not gel 
when in water. 6 
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Now after the base polymer was chosen, a method of turning it into a microcarrier 
must be found. To get the pectin to form beads, it must somehow be connected together. 
Linking it together requires having some 
unsaturated bonds attached at different points on o 
II 
CHz C 
~I \ the chain that serve as connection points for other 
C O-Ctb-CH-CH2 
I \ I 
CH3 0 parts of the chain. The pectin has a hydroxyl (-
OH) group on every glucose ring, and this ring is a Figure 5 
great point to connect some type of molecule containing a double bond to facilitate 
crosslinking. A protocol was found that connected glycidyl methacrylate to hyaluronic 
acid for in vivo use.7 Glycidyl methacrylate (Figure 5) fits the requirements for the 
molecule to be used in that modification; hyaluronic acid is a natural polymer that makes 
cartilage. Therefore the same modification was attempted and found to be successful on 
the pectin. The addition of the methacrylate was estimated to be a ring-opening of the 
epoxide group on the right side of Figure 5. Table 1 below shows the modification 
process. Figures 6 & 7 below the table show the two IR spectra of the pectin before and 
after the modification. The peak at 1167.8 on the modified pectin graph shows the 
carbon-carbon double bond peak on the methacrylate. 
TABLE 1 
Step Action Amount 
1 Make 1 % weight/volume pectin/water solution. Heat to 1 gm pectin, 100 mL 
et pectin into solution and get rid of any gelled pectin distilled water 
Add triethylamine 2.2 mL 
Add 30 molar excess of I cidyl methac late Approximately 8 mL 
Add tetrabutyl ammonium bromide, then mix 2.2 grams 
e at room temperature overni t 24 h 
bate, 60°C 1 h 
cipitate w/acetone, slowly boil down to about 50 mL, mL, 45 minutes to 
then let sit overnight to remove impurities boil down 
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GPC Testing 
After IR verified that the methacrylate groups were successfully added to the 
pectin, we wanted to do more characterization to further clarify what were working with. 
Polymers have a wide range of molecular weights. The number average molecular weight 
(Mn) is an average of the weights of the polymer molecules, and generally these Mn 
values range from 25,000 to 100,000 Daltons. While this range is where most polymers 
lie, there are several instances where polymers can reach in excess of 1 million Daltons. 
With such a wide range of weights available, we wanted to do GPC in order to see what 
the Mn value for ours was. 
Gel Permeation Chromatography, or GPC, is a special type of size exclusion 
chromatography. It is special because it uses an organic solvent as the mobile phase of 
the process. We used an aqueous GPC system, so water was our mobile phase. GPC is 
done by passing a polymer solution over a column of porous beads. The bigger 
molecules are filtered out by the column, and subsequently snlaller molecules elute later 
and later. The smallest molecules elute last as they pass through the pores of the beads. 
The time the molecules elute is taken and compared with known standards to give a Mn 
value for the polymer. 
We did GPC runs of the unmodified pectin and the modified pectin. Two runs 
were done for unmodified pectin, and only one run of the modified pectin was run. The 
delivery system malfunctioned on the GPC unit and. The unmodified pectin runs gave us 
Mn numbers of 115490 and 148201. These numbers show that the pectin itself is around 
the same weight range as most biomedical polymers in use. The modified pectin run 
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yielded an Mn nU1Tlber of 130285 for the first peak, and the two subsequent peaks were 
7344 and 1501. This number also falls into the weight range for biomedical polymers. 
The two extra peaks could be assumed to be chain scission fragments from the 
modification or unreacted methacrylate pieces. These results are promising because they 
told us that we were working with a polymer that can definitely be used in biomedical 
applications. Also it let us know that the modification with the methacrylate did not 
cause severe damage to the pectin chain by breaking it up during modification. 
We would also like to acknowledge and thank Tom Malmgren in the Polymer 
Characterization Lab in Buehler. His expertise in GPC helped us further understand and 
characterize our pectin. 
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Controlled-Geometry Beads (Overview) 
With the pectin modified and able to be crosslinked, the controlled-geometry 
beads can be made. The beads are made by photocrosslinking the pectin solution inside 
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of a capillary tube that has the desired geometry. As the pectin passes through the 
capillary tube, a mask is placed over the tube to filter the UV light into predetermined 
slits. Wherever the light hits the tube through the slits, the pectin solution is crosslinked 
together to form beads. The beads are then extracted from the collection apparatus. Since 
the solution was passed through the capillary tube with the desired geometry, the beads 
will retain the same shape as they crosslink. The beads will shrink slightly as the 
crosslinking pulls the whole bead into a tighter formation, but it will retain the rounded-
edge cube geometry upon photocrosslinking. 
Before running the solution through the capillary tube, it must be mixed with 
photoinitiators that will initiate the photocrosslinking. It must also be mixed with a 
monomer because the pectin needs more help to crosslink. The monomer helps create a 
denser network with nlore bonds to help the bead stay together. Once hit with the UV 
light, the photoinitiators begin a free radical chain reaction that incorporates the modified 
pectin and the additional monomer to make the micro carrier beads. Sodium metabisulfite 
was added to the mixture as a catalyst to capture any oxygen present because oxygen 
eliminates free radicals, therefore preventing the polymerization from taking place. 
Two monomers were used in initial photoinitiation trials: N-isopropylamide (NIP AM) 
and acrylic acid. Either monomer would work well; it was just a matter of determining 
which one worked the best with the pectin. The NIP AM trial auto initiated, meaning it 
polymerized once everything was mixed, and the acrylic acid mixture worked as planned. 
The bead yields from the acrylic acid were fairly low, but results were seen. Tables 2 and 
3 below show the photoinitiator and monomer concentrations used when making the 
solutions to be perfused through the crosslinking apparatus. 
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TABLE 2 
Solvent Pectin Monomer Initiator Sodium 
Metabisulfite 
0.6 mL distilled 0.2023 g NIP AM, 0.36 mL Irgacure 2959, 0.0281 g 
water 0.0281 g 
TABLE 3 
Solvent Pectin Monomer 
0.6 mL distilled water 0.2023 g Acrylic Acid, 0.36 mL 
Steps were taken to remedy the low bead yields from the initial trials. Another protocol 
was drafted that included attaching flurosilanes to the capillary tube to ensure that 
nothing would adhere to the capillary tube. Plans were made to get new bead trials 
underway; however lack of chemical availability pushed the trials back to a date in early 
January. 
FINAL DESIGN 
Controlled-Geometry Beads (In Depth) 
The two mixtures that were photocrosslinked above were used primarily as a 
means of determining if photocrosslinking was a viable option for manufacturing the 
controlled-geometry microcarriers. The protocols used were sinlply rough estimations in 
order to get results in a timely fashion. Since promising results were obtained, the 
photocrosslinking process as well as monomer selection were researched further in order 
to determine a protocol for fabricating the microcarriers with a focus on higher yields. 
Ph otocrosslinking 
Further research was conducted in the area of photocrosslinking to aid in the 
determination of the most efficient reaction conditions for the pectin-monomer system. 
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The actual process of photocrosslinking can be explained by the schematic shown below 
in figures 11 and 12. 
Figure 11. 
Modified Pectin in solution with 
monomer 
·Ltr 
f.:~ 
Pectin, represented by black in Figure 11, consists of a long chain with multiple 
side branches. The red marks are the glycidyl methacrylate groups that have been 
attached on to the pectin side chains. The green dots represent the unpolymerized 
monomer. When this mixture is hit with UV light in the presence of a small amount of 
photo initiator (not shown), cross linking occurs between the glycidyl methacrylate groups 
and the monomer forming solid beads (see Figure 12). 
Figure 12. 
Pectin-monomer solution after be 
subjected to UV rays. 
Since the solution is confined within a microscale capillary tube, the beads are 
formed on the microscale. 
Monomer Selection 
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In the two trial runs of manufacturing the microcarriers, the monomers used were 
NIP AM and acrylic acid. The NIP AM trial was unsuccessful because the NIP AM was 
overreactive and our pectin-monomer solution autoinitiated. Although the acrylic acid 
monomer worked as plan, further research showed that the acid groups would promote 
early degradation of the pectin. More research was needed to find a monomer that was 
non-acidic and had an appropriate reactivity with pectin. The monomer chosen was 
hydroxyethyl methacrylate, or HEMA (figure 13). 
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Figure 13. 
Molecular structure of HEMA 
HEMA is a weakly acidic monomer that has been used in a variety of biomedical 
applications. For example, contact lenses are often made of HEM A hydro gels. Another 
advantage of this monomer is that it is known to be stable at body temperature (37°C) 
and body pH (7.4). 
Manufacturing Process 
As mentioned above, flurosilanes (Teflon coating) were added to the capillary 
tube in order to provide a non-fouling surface for polymerization. This was 
accomplished by first creating a dilute flurosilane solution. 25 g of 1-4% FluroSyl, 75 g 
ethanol, and 3 g of 3% aqueous acetic acid were mixed together. The solution was left 
alone for 5 minutes to allow solinol formation. 500 microliters of this solution were then 
drawn into a syringe. The capillary tube was fitted onto the syringe using a micro fluidics 
kit (see figure 14). 
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Figure 14. 
Microfluidics parts for attaching capillary tube to syringe. 
The syringe was then placed into a syringe pump and the other end of the capillary tube 
was placed into a collection vial. The flurosilane solution was then perfused into the 
capillary tube and allowed to incubate for 24 hours to ensure uniform attachment of the 
Teflon coating. 
Figure 15. 
Flurosilane attachment process schematic 
Syringe Wit~silane solution Collection Vial with Flurosi lane solution 
\ 
Capillary Tube 
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After the attachment of the Teflon coating, the capillary tube was now ready for 
the pectin-HEMA solution to be introduced for photocrosslinking. The pectin-HEMA 
solution consisted of 40% D.1. water, 36% Pectin, and 24% HEMA by weight, with a 
small amount of the photoinitiator (5% of HEM A weight) Irgacure 2959 added. 500 
microliters of this solution was drawn up into the syringe. The capillary tube was then 
attached to the syringe, and the syringe was placed in the syringe pump. The other end of 
the capillary tube was placed in the UV oven and threaded into a collection vial filled half 
way with D.1. water. A mask was placed over the capillary tube to ensure that only 
specific sections of the monomer were photocrosslinked into microcarriers (see figure 16 
below). 
Figure 16. 
Photocrosslinking pectin-HEMA into a microcarrier 
Mask to Block UV radiation 
Distilled Water 
/
COllection Vial 
Capillary Tube 
Polymerized Pectin-HEMA bead~ 
I I 
Not Exposed to UV Radiation Exposed to UV radiation 
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For the first few photopolymerization attempts, the mask to block UV radiation 
was not used in order to simplify the procedure. Our first goal was to determine if the 
pectin-HEMA solution would actually polymerize with the introduction ofUV radiation. 
Without the mask an easily identifiable "hair," visible to the naked eye, would be 
produced. This would eliminate the need to use a microscope to determine if the solution 
polymerized in the capillary tube. Once it was confirmed that the solution could indeed 
be photocrosslinked, the mask to block UV radiation could be added. 
RESULTS OBTAINED FROM MANUFACTURING 
First Trial 
The first attempt to create a photocrosslinked matrix of modified pectin and 
HEMA was performed without the UV mask. The only problem encountered trying to 
collect the polymer into the collection vial after polymerization. The polymer could not 
be perfused into the collection vial which indicated it had become stuck to the capillary 
tube during polymerization. The capillary tube was then broke open and a fibrous white 
substance was obtained which was evidence that polymerization did indeed occur. The 
conclusion n1ade was that there was not enough of a Teflon coating on the capillary tube. 
Second Trial 
The only change made for this trial was that the flurosilane solution was allowed 
to react with the capillary tube for about 36 hours instead of24 hours to see if that would 
allow a better Teflon coating to be deposited on to the capillary tube. After 
polymerization, the polyn1er was once again stuck to the tube. It was concluded that the 
viscosity of the polymer was much higher that the viscosity of the monomer solution. 
When a high amount of pressure was applied to try to force the polymer out of the 
capillary tube, the capillary tube broke into pieces. 
Third Trial 
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The protocol for this trial was the same as the second trial except that this time a 
mask with micrometer scale slits (see figure ?) was placed over the capillary tube. The 
purpose was to see if small interruptions in the polymerization process would allow the 
small polymer blocks to be forced out of the capillary tube. After polymerization, 
however, the polymer could not be pushed out of the capillary tube. 
Microscopy 
Since the polymer could not be isolated outside of the capillary tube, the polymer 
was viewed under a confocal microscope to confirm that polymerization had actually 
occurred. Figure 17 shows the capillary tube at the interface of the polymer and the 
unpolymerized solution. 
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Figure 17. Confocal microscope picture of polymerized Pectin-BEMA 
This figure shows that photopolymerization was indeed successful. A polymer solution 
with a florescent marker was also polymerized using the same procedure in order to yield 
a more easily visible polymer. This is shown in figure 18. 
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Figure 18. Florescent polymer in capillary tube 
CONCLUSIONS 
The design proposed in this paper is an effective way to photocrosslink pectin, a 
naturally occurring degradable polymer, into a controlled-geometry shape. This product 
(after being isolated and purified) could be marketed to companies looking for a 
degradable microcarrier. The goal of created a controlled-geometry bead was achieved 
using the design process outlined above. Further modifications are needed in order to be 
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able to isolate the polymer from the capillary tube. Due to time constraints and resource 
availability, this issue was unable to be explored further. 
Final Cost Analysis 
A cost analysis of the final project is in order. We are assuming one needs everything, 
including the materials and appliances, to carry out this experiment. Once initial 
investment in the machines is taken care of, replacing chemicals is fairly cheap. The 
table below, Table 4, lists the chemicals. This is start up cost, and since only 1 gram 
CHEMICAL QUANTITY PRICE of pectin is required to make a batch 
Pectin 100 g $36.40 
Triethylamine 500mL $34.70 of pectin, the pectin will last a long 
Tetrabutylammonium 100 g $41.40 Bromide time. The material that will run out 
Acetone 1 L $33.00 
Glycidyl Methacrylate 500 g $73.70 the quickest is the acetone. The 
polyHEMA 25 g $141.00 
Glacial Acetic Acid 500 g $50.80 
FluoroSyl F 500mL $200.00 
Ethanol 2L $105.00 
amount listed will last for five 
batches of pectin. However, each 
Total $716.00 
Table 4 batch of pectin yields roughly 100 
trial runs, so the materials will last a long time. As far as equipment is concerned, Table 
5 below lists the equipment needed. The UV oven and syringe pump should last for as 
long as you are conducting the EQUIPMENT QUANTITY PRICE 
UVOven 1 $2500 
experiments. The capillary tube Fluidics Kit + Syringe 1 Kit, 2 Syringes $500 
Capillary Tube 10m $120 
and fluidics kit will next Syringe Pump 1 $1600 
Total $4720 
replacement parts ordered after Table 5 
approximately 30-40 trials, depending on how much you reuse pieces from the 
micro fluidics kit. 
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Overall this equates out to a startup cost of around $5500. This is not terribly bad 
considering some software packages can run as much as $10,000 a year and some 
machines can cost upwards of $200,000. After the initial investment, the amount for 
chemicals and parts per year would be about $1000 for chemicals, micro fluidics kit 
replacements, and capillary tubes. 
Recommendations for Follow-Up Work 
The manufacturing process used was very time consuming, with about 3-4 days of 
prepration from unmodified pectin to finished polymer. Additional work could be done 
to refine this process. The Materials Science & Engineering department at the University 
of Tennessee is currently working on constructing a dark room that would house a real-
time IR spectrometer. This would allow data to be collected as the pectin-HEMA 
solution is polymerizing that would show the rate of polymerization. This data could be 
used to designate a specific amount of time that the monomer solution needs to be 
exposed to UV radiation whereas before the maximum time was used (9999 seconds). 
Also, further work needs to be done on isolating the finished polymer from the 
capillary tube. After polymerization, the polymer seemed to be stuck to the inside of the 
capillary tube and was unable to be extruded into a collection vial. One alteration that 
could be attempted would be to used water in a syringe to push out the polymer instead of 
the extremely viscous monomer solution in the syringe. 
Summary 
The product that has been created is simply a base product for a variety of 
microcarrier applications. It would need extensive modification according the specific 
application desired. For example, modification with cell proteins and receptors would 
allow the product to be used in cell culture studies inside a bioreactor. Or the product 
could be modified with chondrocytes and other proteins that promote osteoblast 
deposition for the formation of new bone tissue. Microcarriers modified in this manner 
could be injected directly into the body to promote bone growth. The microcarriers 
would degrade over time which would leave just the newly formed bone tissue in place. 
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Although time consuming research and literature surveys were involved in order 
to produce a protocol for modifying and crosslinking pectin, and countless trial and error 
chemical experiments were performed, overall, the project was successful and the 
prototype created is well on its way to becoming a marketable product that could be used 
in a variety of microcarrier applications. 
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